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Determining the Optimal Age For Selection by Modelling the Age-Related
Trends in Genetic Parameters in Eucalyptus Hybrid Populations
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Abstract

Ten factorial mating designs using a combined total of
88 females, 107 males, 684 families and 37,206 individ-
ual trees were used to model the age-related trends in
genetic parameters and genetic gain between four and
65 months in the Eucalyptus urophylla x grandis breed-
ing population in Republic of Congo. Selection was
either of pure species (as parents for continued breed-
ing) or individual hybrids for commercial plantations
based on clonal varieties.

The variance components were significantly different
from zero for female, male and female-by-male interac-
tion effects for volume. The age-related trends in addi-
tive, dominance and environmental variances, modelled
by nonlinear functions, showed three phases correspond-
ing to different stages of competition and growth. Male
and female narrow sense heritabilities were high
(h?,,,=0.70 and h?,;=0.90, respectively for highest esti-
mates) compared with individual broad sense heritabili-
ty (h?, ;= 0.45). They were modelled by polynomial func-
tions that did not display specific trends with age.

The age-age correlations, modelled by a response sur-
face, were higher than 0.8 after 36 months. A similar
trend with age was observed for additive and total
genetic effects.

Genetic gain was calculated by combining the differ-
ent models. The genetic gain was higher for female than
for male. Considerable gains can be achieved by clone
selection. The efficiency of selection indicated an opti-
mal age of 54 months for juvenile selection of males and
females and a mature age for ortets. The trend in effi-
ciency of selection per time unit showed that juvenile
selection for volume is much more efficient than adult
selection whatever the age.

Key words: Eucalyptus, volume, reciprocal recurrent selection,
variance components, heritability, age-age correlation, optimal
age of selection.

Introduction

Numerous breeding programmes have been imple-
mented to provide improved germplasm in Eucalyptus,
which is one of the most important genera used in plan-
tations for pulp wood or charcoal in warm temperate,
Mediterranean, and tropical climates. Many of them are
based only on assessment of additive effects using open
pollinated families to estimate genetic parameters and
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genetic gain in the framework of recurrent selection
schemes. Examples exist for Eucalyptus globulus in
Australia (LoPEZ et al., 2001), E. globulus in Chile (SAN-
HUEZA et al., 2002), E. nitens in Australia (TIBBITS and
Hobpge, 1998) and in Chile (VELILLA et al., 2007),
E. grandis in Colombia (OsorIo et al., 2003), and E. uro-
phylla in China (WEI and BORRALHO, 1998). For the last
twenty years, some eucalyptus breeding programmes
have been based on inter-specific hybrids, which at
many sites have shown better growth and adaptation
than pure species (DE Assis, 2000; DALE and DIETERS,
2007; LEE et al., 2007). These programmes have provid-
ed numerous clonal varieties, delivered significant gains
(VERRYN, 2000), and assessed the relative importance of
dominance and additive effects (VOLKER, 1995; LEE et al.
2007; RETIEF and STANGER, 2007). However, results on
the relative importance of genetic effects are still few
and new experiments are needed to improve our under-
standing of additive and non-additive genetic effects in
hybrid populations.

The E. urophylla x grandis breeding programme in
the Republic of Congo has been promoted for commercial
plantations in the southern region of the country.
Numerous clones, resulting from a reciprocal recurrent
selection strategy (RRS) (VIGNERON, 1991; VIGNERON and
BouVvET, 1997; VIGNERON et al., 2000), are currently used
to produce pulp wood. However, thanks to the large
number of genetic trials, the design of the programme
also offered us the opportunity to improve our under-
standing of the expression of both additive and non-
additive age-related effects and their consequences for
genetic gain. Better assessment of trends displayed by
genetic parameters (variances, heritability, correlations)
with age is a key factor in calculating genetic gain and
in defining the optimal age for selection.

In this study, we used a large sample of parents, fami-
lies, and individual trees resulting from 10 factorial
mating designs established over 15 years corresponding
to the first cycle of the RRS scheme. The general goal
was to determine the optimal age for the selection of
parents and ortets by modelling trends in genetic selec-
tion efficiency. The specific objectives were (i) to assess
the age-related changes in the magnitude of additive,
non-additive, and environmental variance, (ii) to esti-
mate the trends in age-age correlations, and (iii) to eval-
uate the genetic gain for parent and ortet selection.

Materials and Methods

Genetic material

Data were obtained from field trials conducted in the
Republic of Congo at the UR2PI research centre “Unité
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de Recherche sur la Productivité des Plantations Indus-
trielles du Congo” (04°45’S, 12°00’E, alt 50 m). The cli-
mate is tropical humid with a mean annual temperature
of 24°C, a mean annual rainfall of 1200 mm (with
marked between-year variation, from 500 to 2000 mm)
and a dry season from May to October. This study used
the same plant material used for the reciprocal recur-
rent selection scheme for the production of hybrid clones
planted in the commercial plantations in the Congo
(VIGNERON and BOUVET, 1997). Two species are being
used in that scheme: E. urophylla, selected for its adap-
tation to climate and soil conditions, and its resistance
to parasites, and E. grandis, selected for its rapid
growth during the juvenile stage and its straight stem.
E. grandis, used as the pollen parent, was sourced from
the northern part of its natural range, in Queensland,
Australia. The males of E. grandis were selected at
adult stage for their growth, adaptation and stem
straightness. The females of E. urophylla were sourced
from a range of provenance trials established in the
Congo from 1971 to 1986. The first E. urophylla parents
were selected for their abundance of flowers (in many
cases they were border trees that benefited from more
light) or for their early growth one or two years after
planting. Progressively, E. urophylla females were
selected for their growth, stem form or adaptation as
adults. Selected trees of both species were grafted into
seed orchards. Crosses were made by controlled pollina-
tion (BOUVET, 1982) using a factorial mating design with
E. urophylla as females and E. grandis as males. Owing
to technical problems, the mating design was not com-
plete and not correctly balanced: for most of the mating
designs, the ratio of full cells to total cells was less than
50% (see Table 1). The plants were grown in the UR2PI
nursery in Pointe-Noire. The seeds were sown on a
sandy substrate and the two-leaf seedlings were trans-
ferred to small containers. After three months, the
seedlings had reached an average height of 40 cm and
were ready for planting.

The hybrid families were planted at 4 m x 4 m spacing
(625 trees/ha). This is low stocking for a short rotation
pulpwood crop, but this is the density used by commer-
cial plantations and was determined by previous silvi-
cultural research. Within each field trial, the experi-
ment was an incomplete block design with 16-tree
square plots in four replicates. To minimize edge effects,
two border rows were planted around the trial plots.
From 1989 to 2001, ten factorial mating designs were
constructed and planted in the same zone in a single
site. A total of 88 different females, 107 males, 684 full-
sib families and 37,206 individuals (Table 1) were estab-
lished in this first cycle of RRS.

Measurements

Circumference at breast height (1.3 m) and total
height were used to calculate volume using a conic func-
tion. Trial measurement ceased after ortet selection
(varying from 36 to 50 months old), and shoots were col-
lected from the stumps of the “plus” trees to provide the
first ramets of clones. The number of measurements
varied from one trial to another (Table 1).
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Estimation of variance components

Data analyses were conducted after removing outlier
trees such as dwarfs (very small trees with abnormal
architecture). As the mating designs were connected by
only one or two parents, and because the measurements
were made at different ages in the trials (Table 1),
analyses of variance were performed independently for
each trial. The average trend in variance was modelled
using a nonlinear equation. For the analysis of each
mating design, we used the following mixed model (Bou-
VET et al., 2008):

Yija = B+ m; + £ + m*f; + b+ m**by + 1, (model 1)

where y,, is the I'" tree in the k' block resulting from
the cross of the it male in the j* female,

n is the overall mean,

m, is the random effect of male i with variance 6% and
an expectation of 0,

f; is the random effect of the jt" female, with variance
0% and an expectation of 0,

m”‘fij is a random effect of the male i by female j inter-
action with variance 6% . and an expectation of 0,

b, is the effect of the kth block considered as fixed,

(m*f"‘b)ijk is the male-by-female-by-block interaction
effect with variance 0%,  and an expectation of 0 which
estimates the environmental effect common to all the
individuals planted in the same plot (GALLAITS, 1989),

Ty 18 the residual random effect with variance 02 and
an expectation of 0 which estimates the confounded
genetic and environmental effect common to all the indi-
viduals planted in the same plot.

The variance components were estimated using the
SAS VARCOMP procedure and the REML (restricted
maximum likelihood) method of the SAS/STAT® soft-
ware (SAS INSTITUTE, 1990). The relationship
between variance components and the quantitative
genetic model was used to estimate the additive and
dominance variance (GALLAIS, 1989).

0%, = 4*0?_is the additive variance due to the male
effect,

0%, = 4%0% is the additive variance due to the female
effect,

o?, =1, (a?,  + 0%, or 0%, = 2%(0? + 0%) is the addi-
tive variance combining the male and female effects,

0%, = 4*02_,;is the dominance variance,

0%, = 0% + [0% — (Y, 0% + ?/,0%)] is the environ-
mental variance estimated by combining within-plot
and between-plot environmental variance,

0%, = 0%, + 0%, or 0%, = 2%(0% + 0%) + 4¥02 ,; is the
total genetic variance,

Gzphen = 0%, + 0% + 0% is the total phenotypic indi-
vidual variance.

Various variance ratios were analysed: (0%,/02,) is the
ratio of dominance to additive variance and (02 /0%) is
the ratio of male additive to female additive variance.

Calculation of correlations

To calculate the age-age correlations, we estimated the
genetic and residual variance and co-variance compo-
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nents between two ages with the SAS GLM procedure
(MANOVA option) and the Type III sums of squares
(SAS INSTITUTE Inc. 1990). The variance and covari-
ance components were estimated by equating the
expected mean square (calculated by the RANDOM
option) to the mean square given by type III of analysis

of variance (BECKER, 1984).

O lagel, age2) being the covarziance betwgen Voh-lme at
age.l and volume at age2, o (agel) and O (age2) being the
variance at agel and age 2, three correlations can be

estimated:
the male additive correlation

o-Am (agel,age2)

pAm(agel lage) =

>

*
O-Am(agel) aAm(ageZ)

the female additive correlation
O-Af(age] ,age?)
o

p/\f(agel/ugeZ) =

(o}

*
Af (agel) Af (age2)

the total genetic correlation
O-G(agel,age2)

pG(ugcl/ach) = &
O-G(ugel) o-G(agEZ)

Calculation of heritabilities

h?,; is the narrow sense heritability based on the
mean female progeny:

, /407,
hy = e e e (eq. 1)
0'; R
m bm bmn

Where m’ is the harmonic mean of males crossed with
one female, b’ is the harmonic mean number of repeti-
tions and n’ is the harmonic mean number of trees per
plot.

h?,. is the narrow sense heritability based on the
mean male progeny:
1/40}
hjm = 2 ZAm 2 (eq 2)
O o O o o
o) i + 7f +,L“, +
Vi bf bfn

Where f’is the harmonic mean of females crossed with
one male, b’ is the harmonic mean number of repetitions
and n’is the harmonic mean number of trees per plot.

Hzm , is the broad sense heritability based on individu-
als:

) Ao, +0})+40,

H, = i (eq.3)
* 2ol +02)+40l,, 0! a

m eny

Modelling trends in genetic parameters with age

We used nonlinear and polynomial models to assess
the general trend in variance components, variance
ratio and correlations. Numerous classic models were
tested using the Xlstat-Pro® version 7.5 (Addinsoft,
France, Paris: www.xlstat.com). Based on the determi-
nation coefficient, we selected the following non linear
model for modelling the variance components with age:
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ClLorgor G, 0r0., oroh,, = a
m or f or ot f or env or phen — (1 _

o - o) (model 2)
For the trends in heritability, we used a polynomial
equation of degree 2.

H., or hi, orh, =a+b*age+c*age’

22

(model 3)

For the age-age correlation, the model was based on
the response surface method (MEYERS and MONTGOMERY,
2002). The coefficients were estimated using the SAS
procedure PROC RSREG (SAS INSTITUTE, 1990) to esti-
mate a surface response. The surface we used to model
the age-age correlation was as follows:

Pagetiager =4 +b*age +c*age, +d "‘agel2 +

del 4
e*age. + f *age, *age, (model 4)

For the three models, an adjustment was made by
weighting each estimate of the variance ratio with the
number of crosses made in each mating design (Table 1).
This procedure takes into account the accuracy of each
estimate. The method of weighting used, the estima-
tions of coefficients (a, b, ¢, d, e and f) and the calcula-
tion of associated probability for testing the significance
of the model were done with the NLIN and REG proce-
dures of the SAS software (SAS INSTITUTE, 1990).

Calculation of genetic gain and selection efficiency

Classic formulas were used to calculate the gain at the
adult stage (age 2) (72 months in the case of these plan-
tations and the corresponding improvement programme)
and the correlated genetic gain by a selection at younger
stages (OSORIO et al., 2003). The values of parameters
over time were given by the different models [1 to 4]. In
the reciprocal recurrent selection strategy, two types of
selection need to be considered: the selection of parents
for the intra-species recombination phase and the selec-
tion of ortets for the development of clonal varieties.

Gain, as a percent of population mean, when selecting
at age 2 (age 2 = rotation age, i.e., 72 months):
_ i * H;geZ * O-phen/ageZ % 100

trait mean ’

AG (eq. 4)

age2 —
age2

Gain at age 2 as a percent of population mean, when
selecting at age 1 (age 1 = considered as the juvenile
stage):

i*H agel * Plagertagesy *H uge? *o

trait mean,

AG =

agel/age2 —

el s? %100, (eq.5)

Where “i” is the intensity of selection expressed as
standard deviation (GALLAIS, 1989), p, el age2) 1S the
genetic correlation between agel and age2 (rotation
age), H. ool age2) 18 the square root of the heritability at
agel (age2), O,y . /ce0 18 the square root of the phenotypic
variance at age2.

To analyse the efficiency of juvenile selection we
applied two approaches commonly used in forest tree
breeding (JOHNSON et al., 1997; ApAMS et al., 2001): the
efficiency of juvenile selection “E” when selecting at
agel to predict gain at age2 defined in previous studies
(OsoRrIO et al., 2003) by:



AG

agel/ age2

AG

E= (eq.6)

age2

and the gain efficiency per time unit “E,” when selecting
at agel to predict gain at age2 (LEE et al., 2001) defined
by:

AGagel/ageZ * ag€2

E =

7
"TTAG (eq.7)

age ag 61 ’
Results

Growth of the Eucalyptus hybrid

The trials were differently affected by mortality, but
mortality was generally moderate after the first year
and was lower than 16% at 72 months old (Table 1). At
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72 months, with a density of 625 trees/ha, the mean
stem volume was 150 dm?/tree. The increase in volume
was moderate, (see Table 1) due to the poor sandy soils
of the region. The range in volume was significant
between some experiments and the two extremes at 67
months were represented by trial R90-11 with a mean
individual volume VI =135.44 dm? and trial R99-2 with
an individual volume VI=196.89 dm3. However, we
were unable to attribute this difference to the soil, cli-
matic factors, or to the genetic performances of plant
material used in the different mating designs.

Trends in variances

The analyses showed that the variances were signifi-
cantly different from zero for the three genetic effects
(results not shown), indicating marked variability with-

Table 1. — Main characteristics of the mating designs, age of measurement, trend in mean volume and mortality with age for each

plan.
Number of Number of Age at
Year of Full cellstotal Number of full-  E. urophylla Number of E.  treesinthe measurement volume mortality
planting plan cells (%) sib families females grandis males trial (months) (dm3) (%)
1989 R89-20 37 50 15 9 2144 18 13.36 10.2
29 35.25 15.3
36 56.89 15.5
42 71.00 15.6
48 87.51 15.7
1990 R90-11 45 94 16 13 4828 15 533 9.5
27 25.81 10.2
38 47.82 10.5
67 135.44 12.5
1991 R91-7 60 38 9 7 2048 19 14.55 9.6
24 27.67 9.7
39 64.60 9.8
50 98.87 10.2
1992 R92-4 46 121 20 13 6464 35 62.92 13.6
48 120.11 14.4
1995 R95-7 15 126 29 29 6928 19 12.23 9.8
35 52.99 10.8
1996 R96-3 19 60 15 15 3120 24 31.48 6.9
38 65.74 9.1
1997 R97-5 27 72 7 18 4800 14 11.13 6.0
34 72.87 71
39 94.73 7.6
48 123.44 8.0
1999 R99-2 33 52 12 13 2816 12 7.15 4.9
24 38.93 6.4
49 134.99 11.2
65 196.89 15.7
2000 R0O0-1 65 26 5 8 1750 13 9.08 4.6
40 102.30 10.0
61 171.74 12.0
2001 RO1-1 47 45 6 16 2308 24 42.63 2.9
40 99.18 6.7
48 117.92 7.8
total 684 88" 107" 37206

@ This is the number of different females and males used in the mating design. This number is smaller than the column total
because some males and females are repeated in several mating designs.
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Figure 1. — Trend in variance with age for E. urophylla x grandis for volume growth. The curve
was modelled using a nonlinear function (model 2) weighted by the number of crosses per mat-

ing design.

a:0?  —male effect,

b: 0%, - female effect,

c: 02_..— male by female interaction effect.

d: 0% — environmental variance estimated by combining within-plot and between-plot envi-

ronmental variance.
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Figure 2. — Trend in heritability with age for volume. The curve
was modelled using a polynomial function (model 3) weighted
by the number of crosses per mating design.

a: narrow sense male heritability

b: narrow sense female heritability

c: broad sense heritability
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in the hybrid population. Adjustment with the nonlinear
model resulted in relatively high coefficients of determi-
nation (0.460 to 0.762) with probabilities lower than
0.001 (Table 2), indicating that the nonlinear model [2]
fitted the general trend with acceptable accuracy. How-
ever, Figures 1a to 1d illustrate substantial dispersion of
values around the curve, highlighting the effect of the
factorial design (sample, year, location) on the estimate
of variance. The variance trends suggested three periods
related to three stages of growth (Fig. I). During the
first period, from planting to 24 months (juvenile stage),
variance increased slowly and remained weak. The sec-
ond period, from 24 to 48 months (mid-rotation stage),
was associated with a rapid increase in variance, and
the third period from 48 to 72 months (adult stage) cor-
responded to a plateau or a slow increase in variance.

The male variance was generally smaller than female
variance. The 02 /0% ratio decreased with age from one
at 12 months to 0.5 at 67 months (results not shown).
The dominance to additive variance ratio (0%,/0%,) dis-
played values higher than one with some estimates close
to 3 at the young and adult stages (results not shown).

Trends in heritability

The three heritabilities did not exhibit marked trends
with age (Fig. 2 a, b and c). The coefficient of determina-
tion was small (0.072; 0.206; 0.116) for A%, , hZAf and
H 2m 4 Tespectively and the model was only significant
for hZAf (P =0.031) (Table 2), stressing the strong disper-
sion of estimates around the model and highlighting the
impact of sample size on the accuracy of estimates. Mod-
elled female heritability was higher than male heritabil-
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Table 2. — Coefficient of determination R2, coefficients of model (a, b, ¢, d, e and f), and their standard deviation
(between brackets) of the different models used to fit the trends in the various genetic parameters with age Prob: Prob-
ability associated with the Fisher test for the significance of the model.

Genetic
parameter model Model parameter variance components
Male by female Environmental
Female effect Male effect interaction effect effect
62f sz sz Af Gzenv
Variance
component Nonlinear (2) Prob  <0.001 <0.001 <0.001 <0.001
R2 0.762 0.460 0.5632 0.595
a -9.189 (2.318) -8.241 (4.478) -12.858 (9.942) -6.519 (2.327)
b 0.209 (0.057) 0.200 (0.119) 0.253 (0.211) 0.147 (0.061)
¢ 479.412 (56.123) 128.578 (29.042) 494.458 (101.914) 3365.309 (676.962)
Model parameter heritability
Broad sense
Narrow sense female  Narrow sense male individual
heritability heritability heritability
h2a¢ h2am H2ing
Heritability Polynomial (3) Prob  0.031 0.326 0.159
R2 0.206 0.072 0.116
a 0.201 (0.199) 0.195 (0.192) 0.173 (0.088)
b 0.026 (0.011) 0.018 (0.011) 0.002 (0.005)
c -2.824E-4 (1.423E-4) 2.26E-4 (1.38E-4) 3.872E-7 (0.67E-5)
Model parameter age-age correlation
Female additive effect Male additive effect Total genetic effect
P af P Am Pa
Carrelation respanse Prob <0.001 <0.001 <0.001
Surface (4) R2 0.316 0.522 0.599
a 0.932698 (0.072) 0.930851 (0.034) 0.931481 (0.042)
b 5.73E-4 (34.86E-4) 10.99E-4 (17 .38E-4) 4.78 E-4(20.36E-4)
c 5.73E-4 (34.86E-4) 10.99E-4 (17.38E-4) 4,78 E-4(20.36E-4)
d -1.30E-4 (0.45E-4) -1.12E-4 (0.23E-4) -1.37E-4 (0.26E-4)
e 2.70E-4 (0.37E-4) 2.13E-4 (0.20E-4) 2.85E-4 (0.21E-4)
f -1.30 E-4 (0.45E-4) -1.12E-4 (0.23E-4) -1.37E-4 (0.26E-4)

ity th/. = 0.90 compared to h?, = 0.70 for the highest
point of the curve, possibly explained by higher vari-
ability of the female population (Fig. I1a, b). Heritability
calculated on the basis of individual phenotype was
smaller (H Qin 4 =0.45 for the highest point of the curve),
because the environmental effects are preponderant at
an individual level (Fig. 2¢).

Age-age correlation

Our modelling of age-age correlation with a response
surface gave acceptable results, with the coefficient of
determination around 0.3 for the female effect, 0.5 for
the male effect, and 0.6 for the total genetic effect. All
three models were significant (Table 2). As expected, the
correlation of the male and female additive, and total
genetic effects showed a marked increase (Fig. 3a, b and
c¢). After 36 months, the values were higher than 0.8.
These high age-age genetic correlations confirm previ-
ous findings in eucalyptus populations. (BOUVET, 1995;
OsORIO et al., 2003)

Genetic gain and optimal age for selection

Although all the models for heritability were not sig-
nificant (Table 2), we used the equation [5] to calculate
genetic gain. For males (Fig. 4a) and females (Fig. 5a),
the genetic gain increased with age and reached an opti-
mum around 54 months. The genetic gain for females
was higher than that for males (14 % and 6 % respective-
ly for 30% selection intensity at 54 months). This may
be explained by the higher genetic variability and heri-
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tability of the female breeding population (Fig. I and 2).
The results are presented with two moderate intensities
of selection (30 and 50% of trees selected are used for
the second cycle of RRS) so as to prevent genetic erosion
in further breeding cycles (GALLAIS, 1989). For the males
and females, the efficiency of selection “E” was close to
one at 30 and 42 months respectively (Fig. 4b and 5b),
suggesting that this age is appropriate for screening of
males and females. Values higher than one and trend of
the curve after 42 months showed that the optimal age
of selection is 54 months and not 72 months, i.e. the
rotation age. The decrease in the gain efficiency between
54 and 72 months may be explained by a decrease in
heritability with age between 54 and 72 months (Fig. 2a
and 2b).

The efficiency of selection per time unit “E,” decreased
rapidly with age, especially before 18 months, but was
higher than one from 6 up to 72 months for male and
female selection (Fig. 4c and 5c¢). For example, at 24
months, the genetic gain per time unit was 3 (2.5) times
higher than the gain at adult stage for male and female
selection respectively.

For the selection of individual trees (ortets), the
results suggest that considerable genetic gain can be
achieved (40 and 60% of the population mean at 72
months for an intensity of selection of 5 and 1%, respec-
tively) (Fig. 6a). This result is to be expected because of
the marked variability within the Eucalyptus hybrid
population which had not undergone previous breeding

107



a : male additive effect

11

c
© 009 .
@ ® 08 -
e g 07 e observed
@ g0 — modelled
0s
04+ . . . ,
] 0 40 &0 an

age (months)

b : female additive effect

age-age
correlation
=
oo

e observed
—modelled
] 0 40 60 a0
age (months)

¢ : total genetic effect

|
& 1
5
2 04 .
G 08
o
o 07 » observed
g oo —modelled
|
@ 05 -*
D osd : : : .
] 0 40 &0 80

age (months)

Figure 3. — Trend in age-age correlation with age for volume.
The curve was modelled using a response surface (model 4)
function weighted by the number of crosses per mating design.
a: male additive age-age correlation

b: female additive age-age correlation

c: total genetic age-age correlation

cycles, the high selection intensity (1 and 5% of trees
selected) and the exploitation of both additive and domi-
nance effects. The efficiency of selection “E” was lower
than one from 6 up to 72 months suggesting a better
efficiency of selection at adult stage (Fig. 6b). However,
the efficiency of selection per time unit “E,” was higher
than one from 6 up to 72 months (Fig. 6¢). At 24 months,
the genetic gain per time unit was 1.5 times higher than
the gain at adult stage.

Discussion

Although calculation of genetic gain and determina-
tion of optimal age for selection in programmes using
both additive and non-additive effects have been studied
in various Eucalyptus breeding programmes (VOLKER,
1995; REZENDE and DE RESENDE, 2000; LEE et al., 2007;
RETIEF and STANGER, 2007) new results are needed to
improve our understanding of the influence of additive
and non additive effects in growth traits and their con-

108

DOI:10.1515/sg-2009-0014
edited by Thiinen Institute of Forest Genetics

Bouvet et. al.-Silvae Genetica (2009) 58-3, 102-112

a: male selection

Y
(X
L L

—®—male selection
30%

- - - -male selection
S0%

-
=]
L

=]
L

T ol RN

Genetic gain (%)

Taer

2 <>_,<>

i}

0 6 12 18 24 30 35 42 45 54 60 BE 72
Selection age (months)

b: male selection

14
c
T RER
[
E "1 -
2 05
9 ng —+—juvenile selection
-ia ) efficiency
@ 04
2 | = zeledion efficiency at
w 02 adult stage (72 months)
w 0 T T T T T T T T T T |
0 6 12 18 24 30 36 42 48 54 GO 66 72
age (months)
¢ : male selection
=
g 61 juvenile seledion efficiency per
o time unit
B2 5 ) .
Ec | N | selection efficency at acdult
o 3 4 stage (72 manths)
S E
o ]
287
&5,
o o
;]
.. 1 -
uf
u]

06 12 15 24 30 35 42 48 54 60 E6 72
Selection age (months)

Figure 4. — Trends in genetic gains with age (a), in the efficien-

cy of selection (b) and in the efficiency of selection per time unit

(c) for male selection.

sequences for the optimal age for selection. Our study
provides new empirical results in the context of tree
breeding, especially for Eucalyptus, one of the most
widely planted tree genera in tropical and warm tem-
perate zones.

Trends in variance components

The variance trends suggested the presence of three
periods. During the first period, from planting to 24
months, variance increased slowly and remained weak.
This may be explained by growth being directed towards
exploitation of the environment by the seedling’s root
system. During this period, the root system develops
rapidly in Eucalyptus in the conditions prevailing in the
Congo (BOUILLET et al., 2002). During the second period,
from 24 to 48 months, there was a rapid increase in



variance, corresponding to a period of increasing growth
and competition. During the third period, the rate of
increase in variance decreased, corresponding to a slow-
er growth once competition is established. This analysis
clearly showed that variance expression is related to
growth and competition, as suggested by Franklin’s
model (FRANKLIN, 1979) in other species. Variance after
65 months of age could not be assessed in theses experi-
ments because of the rotation age of Eucalyptus trials.
However, a longer study (150 months) with clones using
wide spacings, (BOUVET, 1991), indicated that variance
increases slowly with age in Eucalyptus stands in the
Congo, but that the coefficient of variation remains rela-
tively stable over time (very small increase after 50
months of age). We can suppose the same trend after 65

a : female selection

14 4
S 12 1
c g BT T
= 10 "O_,o -
o g -8
2 5 —e—female
[T] selection 30%
| = .
[T} o O - -female
QO L selection 50%
1] T T T T — T T T T 1
o 6 12 1% 24 30 36 42 458 54 6O BE T2
Selection age (months)
b: female selection
&
E 1.2
§ 11 e e e e =
i 0s
c 06 4 —+—juvenile zeledion efficdency
L
0 04 A
L N S Rl selection eficency at adutt
g 024 stage (72 months)
I:u. 0 —T— ]

0 6 12 16 24 30 36 42 453 34 6O B6 72
selection age (months)

c : female selection

4 - juvenile selection e ficiency per
titm & unit

------ seledtion efficiency at adult stage
34 (7 2 months)

E, : Selection efficiency
per time unit

o 6 12 15 24 30 36 42 45 54 60 GG 72
Selection age (months)

Figure 5. — Trends in genetic gains with age (a), in the efficien-
cy of selection (b) and in the efficiency of selection per time unit
(c) for female selection.

DOI:10.1515/sg-2009-0014

edited by Thiinen Institute of Forest Genetics

Bouvet et. al.-Silvae Genetica (2009) 58-3, 102-112

months in our present field trials as we planted with the
same wide spacing (625 trees/ha), corresponding to the
spacing used in commercial plantations to prevent
strong competition

The analysis indicates a 0%,/02, ratio higher than one
from planting to 60 months of age. These results are
consistent with previous studies with height and cir-
cumference on the same sample (BOUVET et al., 2009).
The authors suggest that this slight preponderance of
the dominance effect can be explained by the effect of
the phenotypic selection of female and male parents
(BOUVET and VIGNERON, 1996) and the expression of the
overdominance in the case of hybrids (BIRCHLER et al.,
1990), especially when they are planted in marginal
zones where hybrid vigour plays an important role in
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adaptation and performance (POTTS and DUNGEY, 2004;
DALE and DIETERS, 2007).

Heritability of volume

Our results showed that narrow and broad sense heri-
tabilities varied moderately during the young and
mature stages (Fig. 2 and Table 2). This result is consis-
tent with studies on some tropical and temperate
species (BORRALHO et al., 1992a; MARQUES et al., 1996;
PATINOT-VALERA and KAGEYAMA, 1995; WEI and BORRAL-
HO, 1998). The absence of trends may be due to the short
period taken into account in stand development.
Although our trials represented good testing conditions
(effective weed control, fertilisation), the individual
broad sense heritabilities for volume, Hzind, were signifi-
cant but relatively small (0.35 on average) compared to
other studies (VOLKER et al., 1990; BORRALHO et al.,
1992b; TiBBITS and HODGE, 1998; SANUHEZA et al., 2002).
This may be explained by the strong micro-environmen-
tal effect due to mortality during tests (Table 1), leading
to a variable competition effect among trees, especially
for growth traits (GALLAIS, 1989; FALCONER and MACKAY,
1996). Conversely, our estimates of narrow sense heri-
tability for parent selection, h?, ~and A%, are quite
high compared with the same studies. The large number
of progenies per parent combined with the good testing
conditions and the four replications used in most of the
trials may account for this result.

Consequences for genetic gain and optimal age of
selection

In the context of the reciprocal selection scheme, the
objective is to select parents for recombination for the
next breeding cycle and to select individuals (ortets) for
the production of clones. Modelling of age-related trends
in genetic parameters has been used to calculate genetic
gain with different selection intensities, and to deter-
mine the optimal age for selection.

The optimal age for selection has been reported in dif-
ferent breeding programmes for short rotation planta-
tions: 12 months for height and circumference in E. uro-
phylla (WEI and BORRALHO, 1998), 30 months for circum-
ference (MARQUES et al., 1996) and 36 months for E.
grandis (OsORIO et al., 2003). In our study, the efficiency
“E” indicated an optimal age of 54 months for juvenile
selection for males, females and mature age for ortets.
However, the efficiency per time unit “E,” showed that
juvenile selection is more efficient than adult selection
whatever the age for females, males and ortets especial-
ly before two years. A similar result in “E,” trend was
observed in previous study in Sitka Spruce (LEE et al.,
2001). The efficiency of juvenile selection is explained by
the high heritability at younger stages and the strong
age-age genetic correlation. In preliminary analyses,
BoUVET (1995) suggested that 36 months old could be an
appropriate age for juvenile selection. Our more global
results offer new elements to adjust the optimal age of
selection. This age should be decided by taking into
account the trend in efficiency of selection per time unit
with age for volume, but also the efficiency of selection
of others traits important for eucalyptus breeding (wood
properties, diseases resistance).
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Equations 4 and 5 show that increasing heritability
and age-age correlations can increase the genetic gain.
Numerous studies have analysed ways to increase these
parameters, for example by changing competition (by
increasing plantation density) in Eucalyptus progeny
tests (BOUVET et al. 2003; 2005). These authors showed
that increased competition can improve genetic gain,
but the relationship depends on the field design (single
tree plot versus square plot) and on the genotype (fami-
lies versus individuals). For the selection of individual
trees (ortets) the use of an experimental design with a
density, fertilising regime and silviculture similar to the
commercial plantation is recommended.

In this study, we also considered another critical para-
meter, i.e. the intensity of selection. The intensity of
selection for females and males was not very strong (two
scenarios with 30 and 50 % of trees selected for the sec-
ond RRS cycle). This moderate intensity prevents genet-
ic erosion in further breeding cycles, which is critical for
long-term breeding (GALLAIS, 1989). A moderate intensi-
ty of selection on growth traits is also recommended in
order to maintain breeding potential for other traits
such as wood properties. Due to the absence of a strong
correlation between basic density and growth traits,
(Bouver, 1995; BOUVET and BAILLERES, 1995; TIBBITS
and HODGE, 1998; SANHUEZA et al., 2002) a broad genetic
base is required to increase the probability of selecting
individuals with combinations of favourable traits. For
individual trees, we chose a stronger selection intensity
(1 and 5% of trees selected) leading to considerable
genetic gain, given that the objective is to create clonal
varieties. As with the parents, the selection intensity
should be lower in a multi-trait approach especially with
uncorrelated traits (such as basic density) in order to
detect ideotypes (BARADAT et al., 1994).

Conclusion

The breeding strategy implemented in the Congo was
chosen to optimise the selection process based on both
additive and non-additive effects. The importance of
both additive and dominance effects in the expression of
volume, based on the consistent sampling of parent
trees, families and individuals, confirmed that the recip-
rocal recurrent selection scheme was a relevant choice
for the improvement strategy. The objective of our study
was both to predict genetic gain for volume according to
different selection scenarios, and to propose a frame to
determine (and adjust) the optimal age for selection
using the information obtained at the end of the first
cycle of the breeding strategy. The study shows that
juvenile selection per time unit of parents and clones for
volume can be more efficient than selection at rotation
age in the Congolese eucalyptus breeding programme.
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Abstract

Genetic parameters and genotype by environment
interactions for wood properties of 13-year-old Pinus
radiata were determined by sampling two progeny trials
on contrasting sites in the southern slopes of New South
Wales, Australia. Heritability of green and basic density
were determined together with dynamic modulus of
elasticity (MOE) measured using TreeTap.

The phenotypic variance in MOE (CV 17-18%) was
almost three times that of basic density. MOE and basic
density were highly heritable at both sites (h? 0.57 &
0.79 for MOE & 0.59 and 0.85 for density). There was a
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